Grafts of living or freeze-killed freshly dissected colonic smooth muscle from young inbred Fischer rats were implanted into the corpus striatum of adult Fischer rats. Sections of brain were examined electron microscopically 3 and 6 wk after implantation. At both times, living grafts were vascularised and contained healthy differentiated smooth muscle cells, fibroblasts, interstitial cells of Cajal and some macrophages. Large bundles of small nonmyelinated axons, identified as CNS axonal sprouts, could be observed in the brain at and near the interface between the living smooth muscle and the CNS tissue. Bundles of regenerating CNS axons, often associated with astrocyte processes, had grown into the grafts. Some axons within the grafts had matured, enlarged and become myelinated by oligodendrocyte processes or Schwann cells. In some cases, smooth muscle cells were observed in close and intricate association with axons. In contrast to the living grafts, grafts of freeze-killed smooth muscle, examined 3 and 6 wk after implantation, contained macrophages, fibroblasts, collagen and large amounts of cellular debris, but no living muscle cells, astrocytes or Schwann cells. The striatal neuropil around freeze-killed grafts did not contain large bundles of CNS axonal sprouts and bundles of axons were not observed within the freeze-killed graft. This study demonstrates that cells from the smooth muscle layers of the colon, in the absence of myenteric ganglia, can stimulate a vigorous regenerative response from CNS axons when implanted into the corpus striatum of adult rats.

Although the regenerative capacity of axotomised adult mammalian CNS neurons is very limited, injuries to the brain, spinal cord or optic nerve can stimulate the formation of variable numbers of axonal sprouts (Cajal, 1928 ; Povlishock & Becker, 1985 ; Harvey et al. 1986 ; Hall & Berry, 1989) . In the absence of further intervention, regeneration is abortive and the axonal sprouts may disappear (Cajal, 1928 ; Zeng et al. 1991 Zeng et al. , 1994 . However, if a piece of peripheral nerve is implanted into the CNS, regenerating CNS axons are capable of considerable elongation through the Schwann cell columns where the regenerating CNS axons increase in diameter, become myelinated and conduct action potentials (Aguayo, 1985 ; Keirstead et al. 1985 ; Campbell et al. 1992) . Unfortunately, few regenerating axons will grow back into the brain from a peripheral nerve graft, a feature which has limited the use of such grafts in reconstructing CNS axonal pathways following injury.
In recent experiments, we have investigated the fate of pieces of myenteric plexus implanted into the corpus striatum of adult rats, in order to examine the enteric nervous system (ENS) as a source of tissue for intracerebral implantation in models of neurodegenerative diseases (Tew et al. 1992 (Tew et al. , 1993 (Tew et al. , 1994 . From these investigations, it is evident that enteric neurons and associated cells including glia, fibroblasts and interstitial cells of Cajal implanted together with the surrounding smooth muscle are able to survive in the corpus striatum for long periods and stimulate a vigorous sprouting response in the surrounding striatum. These CNS axonal sprouts invaded the myenteric plexus and surrounding smooth muscle and some became enlarged and myelinated by oligodendrocyte processes. Grafts of myenteric ganglia lacking surrounding muscle layers survived for at least a year in the corpus striatum (Tew et al. 1993 (Tew et al. , 1994 (Tew et al. , 1996 and stimulated the production of a smaller number of CNS sprouts, some of which extended into the graft, matured and became myelinated (Tew et al. 1994) .
Thus enteric ganglia plus smooth muscle, and isolated enteric ganglia lacking muscle, stimulate a sprouting response from axons in the striatum but there has been no equivalent study of the effect of enteric muscle lacking ganglia. Enteric ganglia, but not muscle cells, have been shown to promote neurite outgrowth from striatal neurons in vitro (Hopker et al. 1994 ). We have therefore tested the hypothesis that enteric smooth muscle, in contrast to enteric ganglia, may lack the ability to promote axonal sprouting from CNS neurons in vivo. To do this grafts of intestinal smooth muscle, and associated cells, but free of neurons, were implanted into the corpus striatum of the adult rat and examined electron microscopically. Of particular interest was whether the colonic muscle and associated cells would provoke a sprouting response from the injured CNS axons, and whether axonal sprouts would grow into the grafts.
  
Inbred male Fischer rats (250-350 g, supplied by Harlan Olac, UK) were used as host animals throughout this study. All surgical procedures were performed while the animals were deeply anaesthetised with a mixture of halothane, oxygen and nitrous oxide. Buprenorphine (0.2 mg\kg) was administered as a postoperative analgesic. Twelve animals received grafts of living smooth muscle, 10 received grafts of freeze-killed smooth muscle.
Dissection of smooth muscle from myenteric plexus
Fischer rats aged 15-19 d were used as donors. Animals were killed by dislocation of the neck. The proximal colon was then removed aseptically, washed in culture medium 199 (Life Sciences) supplemented with 5 mg\ml glucose, 1000 units\ml penicillin, 50 µg\ml metronidazole and 200 µg\ml gentamycin. Segments of the colon were placed in collagenase (1 mg\ml, Boehringer-Mannheim) for 2 h at 4 mC and then incubated in the same solution at 37 mC for 30 min. Pieces of myenteric plexus were excised from the surrounding longitudinal and circular smooth muscle by microdissection and placed in cold medium 199 supplemented with 5 mg\ml glucose and 1000 units\ml penicillin. The smooth muscle pieces were then checked microscopically, to ascertain that all ganglia had been removed, and transferred to fresh culture medium.
Implantation
Pieces of longitudinal and circular muscle dissected from 2 donor animals were pooled and approximately one third of the pool was implanted into each host. Thus 10-12 pieces were drawn up into a glass cannula on the end of a 10 µl Hamilton syringe such that the final volume was 2 µl. Grafts of smooth muscle were implanted in the right striatum of 12 hosts, using the coordinates AP l 0.3 mm, ML l 3 mm, DV l 4.9 mm with respect to the bregma (Paxinos & Watson, 1982) as previously described for the implantation of myenteric ganglia (Tew et al. 1993 (Tew et al. , 1994 . Briefly, the tissue was slowly forced from the cannula over 3 min and the cannula left in place for a further 5 min before being slowly removed from the brain.
A further 10 animals received grafts of freeze-killed smooth muscle, where the freshly dissected smooth muscle tissue was frozen and thawed 4 times in liquid nitrogen to cause cellular lysis and produce tissue devoid of living cells.
Tissue preparation and electron microscopy
Three or 6 wk after implantation, animals were given an overdose of pentobarbitone and perfused transcardially with fixative (4 % paraformaldehyde, 0.5 % glutaraldehyde in 0.1  Millonig's buffered phosphate). The brains were removed and kept overnight in fixative, at 4 mC. Vibrotome sections of 175 µm were taken through the striatum, osmicated and then block stained in 2 % uranyl acetate, before being processed into Araldite resin. Serial 0.5 µm semithin sections were cut on an Ultracut E microtome, throughout the entire living grafts, with ultrathin sections taken every 25 µm. Semithin sections (0.5 µm) were stained with toluidine blue for observation at the light level ; ultrathin sections were collected on copper coated grids, contrasted with 2 % lead citrate and then examined in a JEOL 1010 electron microscope. Any grafts found to contain enteric ganglia were excluded from the study.

Semithin and ultrathin sections taken through the entire living grafts were examined for the presence of any enteric ganglia left during the dissection process. Of the 12 living grafts examined, 3 were found to contain a small fragment of enteric plexus and so were not included in the recorded observations. Although grafts were examined at both 3 and 6 wk after implantation, there was little difference in the morphology of the grafts at either time and so the observations from both time points have been described together.
Grafts of living tissue
All grafts were located in the corpus striatum ( Fig.  1 a) . The grafts could be easily differentiated from the surrounding striatum ( Fig. 1 b) , and contained blood vessels and densely packed cells ( Fig. 1 b, c) . The muscle cells within the graft displayed all the characteristic morphological features which they exhibit in the gut wall (Burnstock, 1970 ; Gabella, 1981) , including actin filaments and dense bodies within the cytoplasm, caveolae at the cell surface with dense bodies evenly spaced in between them (Fig. 2) . Grafts also contained fibroblasts, macrophages, collagen and some cellular debris. It is likely that interstitial cells of Cajal were also present, although they are not easy to identify, since they are morphologically similar to fibroblasts and smooth muscle cells (Rogers & Burnstock, 1966 ; Thuneberg, 1982) . All grafts examined were well vascularised, the blood vessels being surrounded by smooth muscle cells, collagen and fibroblast processes.
Many small nonmyelinated axons were observed within the striatal neuropil near to, and at the interface between, brain and graft (Fig. 3 a, b) . These axons were usually closely packed in large bundles surrounded by astrocyte processes (Fig. 3 a, b) . Axons in some bundles were indented into astrocyte, microglia or oligodendrocyte cell bodies. The number of axons observed around the grafts varied but did not seem to be related to graft survival time. Many sprouts were found close to blood vessels, as has previously been reported around peripheral nerve grafts in thalamus (Campbell et al. 1992) . No such large bundles of small unmyelinated axons were found in the corresponding areas of the contralateral, unlesioned striatum. On the basis of their size and similarity to developing CNS axons (Henrikson & Vaughn, 1974) and axonal sprouts around peripheral nerve grafts in the thalamus (Campbell et al. 1992) and their relationship to an area of injury, the axons in these large bundles were identified as regenerating CNS axonal sprouts.
Large bundles of small unmyelinated axons were also observed within the graft, where they were often 
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partly surrounded by astrocyte processes and resembled the CNS axonal sprouts in the surrounding brain (Fig. 4) . Axons were also observed in smaller groups or singly, lacking glial contact and in contact with fibroblasts (Figs 4, 5) or smooth muscle cells (Figs 6, 7) . A number of axonal varicosities containing synaptic vesicles were observed close to smooth muscle cells within the graft (Fig. 8) .
Large diameter axons were also commonly found in the grafts and were always associated with, and usually surrounded by, glia. Some of these large axons were in bundles with smaller axons (Fig. 9 ). Some were myelinated by oligodendrocytes (Figs 10, 11 ). Others were myelinated by Schwann cells (Fig. 10) or associated with glia which may have been Schwann cells or enteric glia (Figs 11, 12) . No astrocyte cell bodies were found to have migrated into the grafts.
Freeze-killed grafts
Grafts of freeze-killed smooth muscle and associated nonneuronal cells were examined 3 and 6 wk after implantation into the striatum and contained macrophages, fibroblasts, collagen and large areas of cellular debris and extracellular space. The striatum around the grafts contained many astrocyte processes and degenerating profiles, and although small nonmyelinated axonal profiles were observed, these were not present in the characteristic large bundles found around living grafts and were much less numerous than around living grafts (Fig. 13) . There was little evidence for axonal regeneration into freeze-killed grafts except for isolated axons at the CNS\graft boundary.

We have demonstrated that freshly dissected smooth muscle, free from myenteric ganglia, can survive in the corpus striatum of adult rats for at least 6 wk and stimulate a vigorous axonal sprouting response in the brain around the graft. Many CNS axonal sprouts were seen to have extended into the graft, some maturing in contact with glial cells and becoming myelinated by oligodendrocyte processes or Schwann cells. The implantation of freeze-killed smooth muscle produced much less marked effect and no axons invaded the grafts. glia limitans can be seen. Bar, 2 µm. (b) High-power electron micrograph of part of (a) (framed by the border). The small diameter axonal sprouts (S) contain one or more microtubules and occasional mitochondria, neurofilaments and vesicles and are packed together with few if any intervening glial processes. Bar, 500 nm.
There are a number of reasons for believing the axonal profiles observed in the striatum around grafts of the living smooth muscle layer are regenerating CNS axonal sprouts. They show a striking similarity to developing CNS axons (Henrikson & Vaughn, 1974) , but are morphologically distinct from regenerating PNS axonal sprouts innervating the CNS (e.g. Reier et al. 1983 ; Carlstedt, 1985 ; Anderson et al. 1989) , which grow for short distances in the CNS before forming swollen terminals full of organelles. The small nonmyelinated axons observed around grafts of smooth muscle also resemble the CNS axonal sprouts observed in the transected optic nerve (Hall & Berry, 1989 ; Zeng et al. 1991 Zeng et al. , 1994 and sprouts produced in response to peripheral nerve grafts in the thalamus (Campbell et al. 1992 ) and in the striatum (C. L. Woolhead & P. N. Anderson, unpublished observations). Immunocytochemical studies have shown that similar small nonmyelinated axons (identified as regenerating CNS axonal sprouts using the same morphological criteria as in the present study), observed in peripheral nerve grafts in the thalamus, are coated with tenascin-C. This distinguishes such sprouts from PNS axons since tenascin-C is not present on regenerating PNS axons (Martini, 1994) . However, it should be pointed out that it is impossible to determine the neurons which give rise to any particular axonal profile observed in this study on morphological grounds alone.
The phenomenon of regenerative sprouting has been described after injury to various parts of the CNS of rats including the optic tract (Harvey et al. 1986 ) and optic nerve (Hall & Berry, 1989 ; Zeng et al. 1991 Zeng et al. , 1994 , and after the implantation of grafts of peripheral nerve (Campbell et al. 1992) , muscularis externa or isolated myenteric plexus (Tew et al. 1992 (Tew et al. , 1994 . In the present study grafts of living colonic smooth muscle appeared to provoke a greater sprouting response than grafts of isolated enteric ganglia (Tew et al. 1994) or probably even of grafts of muscularis externa [myenteric plexus surrounded by smooth muscle (Tew et al. 1992) ]. However, sprout formation around grafts of enteric plexus and\or smooth muscle has not been quantified because of the considerable practical difficulties entailed by such a study. Since grafts of freeze-killed smooth muscle layer were clearly unable to stimulate a similar sprouting response, sprout formation must in some . For legend see opposite.
way be stimulated by the metabolic processes occurring in the grafted cells. Soluble substances, such as neurotrophins, derived from the living smooth muscle cells, may affect axons within the brain either directly or through interactions with host glia. Recent studies have demonstrated that the neurotrophins, brainderived neurotrophic factor and neurotrophin 3, are expressed in human vascular smooth muscle (Donovan et al. 1995) , although little is known of the neurotrophic factors produced by colonic smooth muscle. The reason why enteric smooth muscle is able to promote axonal sprouting in vivo, but not neurite outgrowth from striatal neurons in vitro (Hopker et al. 1994) , is not clear, but smooth muscle in tissue culture may produce lower quantities of trophic molecules or the sprouting axons in the brain may have originated from neurons outside the striatum and therefore not included in the cultures. Some axonal sprouts are known to arise from nigral afferents to the striatum (Tew et al. 1995) .
Axons were also observed in the grafts. Many of these axons were morphologically similar to the CNS regenerative sprouts observed in the striatum around the grafts, suggesting they were of CNS origin. The absence of axons in the freeze-killed grafts suggests that the axons observed in the living grafts had invaded the grafts, and were not just indented on the surface. Previous reports have also described the ingrowth of central axons into intracerebrally grafted smooth and skeletal muscle (Bjo$ rklund & Stenevi, Fig. 4 . Electron micrograph of a bundle of small unmyelinated axons within the smooth muscle graft (which typically contains much collagen), 6 wk after implantation. The axons (S) are associated with astrocyte (A) processes in some areas (arrow), while other axons are naked (arrowheads) or (crossed arrow) associated with fibroblast processes (F) (or possibly interstitial cells). No glial processes intervene between most of the axons in the fascicle (compare with the presumptive sprouts in the surrounding brain). Bar, 1 µm. . High-power electron micrograph of a bundle of axons within a colonic smooth muscle graft, 3 wk after implantation. The bundle contains small nonmyelinated axonal sprouts (S), and a larger axon that has become myelinated (asterisk). Fibrous astrocyte processes (A) can be observed in the bundle. Bar, 500 nm. Fig. 10 . High-power electron micrograph of axons within a smooth muscle graft, 6 wk after implantation. An axon myelinated by a Schwann cell (Sc) and another (O) that appears to have been myelinated by an oligodendrocyte process can be seen. Bar, 500 nm. Fig. 11 . Electron micrograph of bundle of axons within a smooth muscle graft 3 wk after implantation. Some of the axons are myelinated by oligodendrocyte (O) processes. A number of large diameter nonmyelinated axons (asterisks) can be seen, some of which are associated with a presumptive enteric glial cell (Gl). Bar, 500 nm. Fig. 12 . Electron micrograph of a group of large diameter unmyelinated axons (asterisks) within a smooth muscle graft. Some of the axons are associated with glial cells (Gl). Bar, 1 µm. Fig. 13 . Electron micrograph of an interface between freeze-killed smooth muscle graft (Gr) and striatum, 3 wk after implantation. The striatal neuropil contains some small axons (arrows), which may be axonal sprouts. The presumptive axonal sprouts are much less abundant than around living grafts (compare with Fig. 3 a, b) . The glial limitans is complex, comprising a basal lamina and several layers of astrocyte processes (A) in most areas. Bar, 1 µm.
1971 ; Heinicke, 1980 ; Anderson et al. 1988) . The extent of invasion of catecholamine-containing fibres into smooth muscle grafts in the brain has been reported to depend on the type of muscle grafted ; fibres only grew into the periphery of tissue which was normally ' lightly ' innervated (e.g. uterus), while tissues that normally received a heavier innervation (e.g. iris) were invaded by fibres to a greater extent (Bjo$ rklund & Stenevi, 1971) . It is not clear whether this reflects increased trophic support from heavily innervated smooth muscle or the presence of a greater number of Schwann cells in such tissues.
In the present study, some axons invading the grafts were observed in contact with astrocyte processes and Schwann cells, while others were fasciculated or associated with fibroblasts, interstitial cells of Cajal or smooth muscle cells. Axons lacking cellular contact were also observed. In some cases smooth muscle cells were found in glial-like morphological relationships with axons, but we have no information on the nature of the molecular interaction between these cells and whether such interactions are similar to those of glia. It is interesting to note that axonal sprouts observed around the grafts were of small diameter, unmyelinated and mostly not associated with glial processes. In contrast, within the graft, large diameter axons were also present, associated with, and in many cases covered by, glial processes (astrocytes, oligodendrocytes, Schwann cells or putative enteric glial cells), while those of small diameter were usually lacking any glial contact. This implies that it is the axons which are in contact with glial cells that are able to mature and enlarge.
As in previous investigations of intrastriatal grafts of muscularis externa and myenteric plexus (Tew et al. 1992 (Tew et al. , 1994 , many ingrown sprouts had become myelinated by oligodendrocytes. However, in the present study Schwann cell myelinated axons were observed in the grafts, a marked contrast to previous investigations of intrastriatal grafts of myenteric plexus and muscularis externa (Tew et al. 1992 (Tew et al. , 1994 . The origin of these Schwann cells is unclear. They could be cells associated with extrinsic nerves innervating the gut, or cells which invaded the grafts from perivascular nerves. This raises the possibility that some peripheral axons may have invaded some grafts. However, the axons in the grafts most commonly associated with Schwann cells were of large diameter, sometimes myelinated and morphologically unlike perivascular nerves. The absence of observations of Schwann cells in muscularis externa grafts in the striatum (Tew et al. 1992) suggests either that the myenteric plexus acts to inhibit the invasion of Schwann cells into grafts of muscularis externa, or that it inhibits Schwann cell proliferation.
The size and shape of the grafts in the present study precluded any estimate of the distance over which axons can regenerate through smooth muscle grafts. Peripheral nerve grafts can support the regrowth of CNS axons for several centimetres (Aguayo, 1985) , but we have no evidence to suggest whether intestinal smooth muscle and associated nonneuronal cells can achieve a similar result. Irrespective of the ability of the intestinal smooth muscle layer grafts to support prolonged axonal elongation, the stimulation of axonal sprouting from CNS neurons by these grafts opens the possibility that small grafts of smooth muscle could enhance local repair processes in the injured brain or spinal cord.
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